One of the most important microbial processes that occurs in natural habitats is the oxidation of the ammonium ion to nitrate, a process presumably resulting from the action of several genera of chemoautotrophic bacteria. The nitrification reaction is of great significance in the soil since it is the sole means of providing the plant with nitrate. Nevertheless, little attention has been given to the bacteria catalyzing the oxidation either from the point of view of taxonomy or from the physiological and nutritional aspects. There has, however, been a recent renewed interest in the autotrophic nitrifying bacteria, at least in members of the genera Nitrosomonas and Nitrojacter.
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Studies of the nutrition and biochemistry of the autotrophic nitrifiers of the genus Nitrosomonas have been complicated because of the use of culture media containing large quantities of insoluble constituents. The most common of these is calcium carbonate, included in the medium in order to neutralize the nitrous acid produced by the oxidation of the ammonium nitrogen. When grown with insoluble carbonates in the culture fluid, the organism adheres to the particulate materials and cannot be readily separated. Eventually, it was concluded that the adsorption to particulate ingredients was necessary for active multiplication to occur (Lees, 1955; Imshenetsky and Ruban, 1954 reactions can obscure the physiological transformations. Likewise, studies of the mineral nutrition of these microorganisms are greatly hindered. It is the purpose of this paper to demonstrate that Nitrosomonas europaea can grow rapidly in media whose constituents are entirely soluble and to report some observations on the autotrophic metabolism of this bacterium using cell suspensions free of insoluble medium constituents. A preliminary account of this work has been reported (Engel and Alexander, 1958) .
MATERIALS AND METHODS
The organism used in these investigations was a strain of Nitrosomonas europaea kindly supplied by Dr. R. L. Starkey. Although the culture is not pure, no prolonged attempt has been made to establish a pure strain because of the known difficulties in completely eliminating contaminants from cultures of Nitrosomonas sp. Counts of contaminants made on nutrient agar, utilizing the inability of nitrifiers to develop on this medium, demonstrated that heterotrophs comprised less than one per cent of the total viable count. Stock cultures have been maintained for more than two years by monthly transfer on mineral media with no loss or alteration of the rate of nitrite production. These results are in contradiction to the report of Gundersen (1957) who could not maintain this species in mineral solutions for more than a year.
Cultures were grown in a 25 L pyrex fermentor fitted with a stainless steel heating and sparging assembly (Johnson, 1952 Counts of the viable population were made by the most probable number technique using 10 replicate tubes of the ammonium-mineral salts medium supplemented with calcium carbonate in place of the potassium carbonate. Numbers were estimated from conventional most probable number tables. Viable counts were also determined in some studies by plating on an agar medium containing (NH4)2SO4, 4.0 g; K2HPO4, 1.0 g; MgS04-7 H20, 0.10 g; chelated iron 0.1 mg; and Noble purified agar (Difco) 15 g; per L of water, the final pH being adjusted to 8.2 with sterile potassium bicarbonate. After incubation for four weeks in a moist chamber, the organisms appeared as minute, brown colonies, usually rounded. These colonies were counted by means of a stereoscopic microscope. Nitrate was determined colorimetricallv using a-naphthylamine and sulfanilic acid (Czaky, 1948) , and the color intensity was measured at 525 m,l.
For preparation of the cell suspensions used in manometric studies, the contents of the fermentor were cooled to about 5 C and the cells collected by centrifugation in the Sharples centrifuge. The cells were washed twice with cold M/20 tris(hydroxymethyl)aminomethane (Tris) buffer at pH 8.0 and suspended in 25 ml of the same buffer. The cell suspension thus prepared was free of nitrite. Manometric studies were carried out in the Warburg respirometer at 30 C, each flask receiving 0.2 ml of 20 per cent KOH in the center well and 100 ,umoles of phosphate or Tris buffer.
RESULTS
A comprehensive growth study was undertaken in order to compare the rate of proliferation in the medium described herein to culture solutions using calcium carbonate as a buffer and source of particles. The logarithmic plot of nitrite formation and viable cell count is shown in figure   1 . Following a relatively short lag period, the logarithmic phase is maintained for almost 60 hr at which time there is a slight diminution in the rate of nitrite formation. The final nitrite concentration was 0.083 molar, and the viable count of N. europaea by the dilution tube method showed the presence of 1.9 X 108 cells per ml. Plate counts on the mineral medium gave 1.0 X 108 cells per ml. The use of agar (Noble) in place of silica gel, at best difficult to work with, thus presents no problem for estimation of ammonium oxidizing bacteria.
The generation time, g, was calculated from the rate of nitrite production and is compared to values calculated from the data of other workers (table 1) . The results from soils consistently give longer generation times even in experiments where nutrients, aeration, and pH were apparently optimal. The generation time obtained in the present investigation is of the same order of magnitude as values previously reported, even shorter than most, but the duration of the logarithmic phase was considerably longer. It is thus possible to obtain greater yields of cells still in the rapid growth phase than has been possible previously. Despite the relatively short generation time, the final cell yield at the end of the logarithmic phase was only 72.4 mg dry weight (VOL. 76 per L of medium. The cell paste is deep red in color and uncontaminated by chemical precipitate.
In the later stages of growth the rate of acid production becomes exceedingly rapid although the amount of cellular material is still small. During the last 24 hr period prior to harvesting, 6.3 g K2CO3 per L were required to neutralize the acid produced. This rapid acid production makes simple shake flask culture with CaCO3 as a buffer an impractical method for the growth of sufficient quantities of cells for biochemical studies.
Cell suspensions were prepared from the bacterial paste harvested from the large fermentor. marked increase in acidity making the determination of a definite optimum difficult. To minimize this effect, rates of oxidation were determined only in short time intervals before significant amounts of HNO2 accumulated. The results (figure 2) indicate that there is no clear optimal reaction for the N. europaea transformation of ammonium nitrogen, the oxidation occurring at approximately the same rate from a pH of about 6.8 to 9.0. Below pH 6.6, the reaction velocity falls off markedly, an observation which coincides with the activities of the organism in natural habitats.
Nitrite, a known bacterial inhibitor, is the end product of the metabolism of this bacterium. In addition to the acid released as a consequence of its formation, the anion itself may reduce the activity of the organism, a fact of importance in studies in which an attempt is made to get large yeilds of the organism. The influence of nitrite was determined by observing its effect upon the uptake of 02 during the oxidation of NH4. It was found that 10 ,umoles of nitrite per Warburg vessel were without effect whereas a slight inhibition was observed in the presence of 60 Mmoles. This indicates that the low levels of nitrite produced during growth would have no effect, but large cell yields would probably be accompanied by a slight reduction in the activity of the organism.
The rate of ammonium oxidation by suspensions of particle-free cells is quite rapid with 10 ,umoles of substrate being oxidized to completion in periods as short as 40 min. The consumption of 02 gives the theoretical ratio for conversion of ammonium to nitrite, 1.5 (Lees, 1952a; Hofman and Lees, 1953) . The low substrate concentration, however, would limit the study of this step. The cell suspensions of N. europaea prepared by the methods described above rapidly metabolize hydroxylamine as measured by manometric methods. These organisms do not possess the very marked sensitivity to substrate concentration as reported by Lees -(1952a) amine is relatively stable (figure 3). It is interesting to note that the toxicity of higher substrate levels diminishes in aged cells. Although 20 umoles were oxidized at a much lower rate than 10 Amoles by fresh cells, the former concentration was rapidly respired by the aged material and even 40 ,umoles can be slowly nitrified. Concentrations of 80 ,umoles were almost completely toxic. These results indicate that hydroxylamine can be oxidized even when present in high concentrations.
DISCUSSION
The growth rates observed are among the most rapid reported whether in pure culture or in soil. Since the medium used in attaining such rapid proliferation was composed entirely of soluble components, it is clear that N. europaea has no obligate requirement for adsorption. Calcium carbonate is a poor neutralizing agent because of its low solubility and probably cannot maintain its equilibrium pH of 8.2 during the exponential phase of growth when nitrous acid production is most rapid. The high cell yield and the short generation time obtained by use of the medium described has a definite bearing upon the nutrition of Nitrosomonas sp. The iron concentration of the medium was 0.1 mg per L although Meiklejohn (1953) has reported that 6 mg was optimal. Her observations probably result from the removal of a large portion of available iron through the precipitation of iron phosphates. In the present experiments, an iron chelate has been used which does not precipitate with dibasic phosphate on autoclaving and is apparently a readily available iron source. It should be borne in mind that, in media supporting low cell yields, the mineral requirement is correspondingly low. The amount of iron included in the medium proposed is of the order expected on the basis of the yield of bacteria harvested. There is no sodium requirement and, although 1 ppm calcium was added, there was no evidence for its essentiality.
Hydroxylamine was shown to be respired rapidly by fresh cells provided the concentration was no greater than 10 ,umoles per reaction vessel.
The toxicity of higher levels was apparently diminished by aging. This may result from an altered permeability of the cell to hydroxylamine so that the substrate can more readily pass through the surface barrier to reach the site of the NH20H activating enzyme system. In cells 35 days old, ammonia-oxidizing activity had diminished to a fraction of its original velocity whereas hydroxylamine-oxidizing activity remained quite stable. The greater lability of the ammonia enzyme complex may present a problem in the study of cell-free nitrification by Nitrosomonas. Because of the rapid and stoichiometric oxidation of NH20H, the lack of a lag period prior to its metabolism by NH3-grown cells and the utilization of this compound by organisms normally oxidizing very few substrates, there can be little doubt that NH20H is in the pathway of the nitrification reaction.
The early claim of Meyerhof (1917) that 0.005 M ammonium was optimal has caused some confusion, many workers inferring that high substrate levels are inhibitory for growth. In other growth experiments conducted in this laboratory, it has been shown that even 3 g of (NH4)2S04 per L is not inhibitory and higher concentrations would probably also be without effect. In order to attain the cell densities described herein, a total substrate concentration of 6 g per L must be supplied before harvest, hence the continual maintenance of low substrate concentrations is impractical.
The results presented in figure 1 Cell suspensions of N. europaea were used to study the rate of the autotrophic oxidation of ammonium-nitrogen and hydroxylamine. The oxidation of both substrates proceeds at a high rate, and the 02 consumed approaches the theoretical for the nitrification reaction. There is no sharp pH optimum for ammonium oxidation, and the reaction proceeds optimally from about pH 6.8 to 9.0. There is some hydroxylamine toxicity in young cell suspensions but this is of a low order of magnitude. In aged suspensions, the toxicity seems to diminish although the NH20H is still rapidly metabolized. The rate of nitrification of the ammonium ion, however, is very low in aged cells.
The rapid oxidation of hydroxylamine, the absence of a lag period in the oxidation of NH20H by ammonium-grown cultures and the stoichiometric conversion to nitrite indicate that hydroxylamine is one of the intermediates in the nitrification reaction.
